Abstract Molecular imaging in the brain and other organs continues to advance understanding of disease mechanisms, new targets for treatment, and new diagnostic biomarkers. Brain amyloid and inflammation imaging are two areas of intense investigation. Progress in amyloid imaging has resulted in one approved PET tracer and several others in clinical development. Current efforts focus on early treatment with amyloid reducing drugs in patients who are amyloid scan positive prior to the onset of fully developed dementia. Inflammation imaging is primarily directed toward translocator protein imaging in multiple sclerosis and other inflammatory brain disorders. Alzheimer's disease (AD), having an inflammatory component, is receiving increased attention from the standpoint of the genetics of inflammation and the use of inflammation imaging agents. A convergence of interest in the role of inflammation and amyloid deposition in AD may elucidate new disease mechanisms and advance therapeutic and diagnostic approaches.
Introduction
Molecular imaging ofthe brain originated in the early 1980s when the first methods were developed to image neuroreceptors, including the dopamine and opiate receptors, by PET imaging. Subsequently, radiolabeled tracers for a myriad of other neuroreceptors, their receptor subtypes, neurotransmitter transporters, and enzymes were developed. In the twenty-first century molecular imaging of brain targets continues to be very active, in part due to the many prevalent brain disorders whose mechanistic understanding is incomplete and for which therapies are inadequate. Among these, dementia of the Alzheimer type remains a major treatment challenge. Fortunately, brain imaging technologies are surpassing the state of therapy development and may provide a new avenue for understanding disease mechanisms and advancing new treatment approaches. The major advance is in brain amyloid imaging, focusing, as do the current treatment efforts, on the amyloid hypothesis of Alzheimer's disease (AD).
In parallel, inflammation imaging in the brain and other organs is advancing at a rapid rate. This relatively recent effort is the result of the increasing recognition of the role of inflammatory processes in many disease processes, including in neurologic, psychiatric, cardiovascular, metabolic, and musculoskeletal disorders, coupled with the feasibility of inflammatory target molecular imaging. The translocator protein (TSPO) target has received the greatest attention and many new imaging probes have been developed, including one for commercialization. Although the current focus of TSPO imaging is in the brain, this target has application in other organ systems and diseases as well. Inflammation is also thought to play a role in AD, resulting from amyloid deposition or alternatively, as a precursor or possible cause of amyloid synthesis. Recent genetic studies increasingly support a role for inflammation and suggest new approaches to imaging and treatment, possibly overcoming the limitations of current anti-amyloid treatments. Alternatively, early detection of brain amyloid may permit early treatment with anti-amyloid drugs and result in greater efficacy compared to that in established AD. This mini-review will provide an update to the stories that are currently playing out in amyloid and inflammation imaging and point to a direction where the concepts may converge to advance diagnosis and treatment in prevalent diseases with inadequate treatments.
Amyloid Imaging
After a considerable period of development and scientific investigation, brain amyloid imaging has reached the stage of commercialization and progressive implementation into clinical practice. Four 18 F-labeled amyloid imaging tracers are undergoing clinical development: florbetapir, florbetaben, flutemetamol, and NAV4694 (formerly AZD4694) [1-4 • , 5] . These agents are all labeled with 18 F (t 1/2 = 2 h) to permit delivery to imaging sites from a commercial pharmacy. Florbetapir has been approved by the Food and Drug Administration for use in humans for detecting the presence of amyloid plaques. All of these agents are able to demonstrate the presence of amyloid in patients with established AD. Some individuals, however, may have amyloid deposits by imaging and show no development of AD for long periods of time. In a recent study, elderly dementia-free subjects aged 82-95 were imaged with 11 C-PIB. Amyloid positivity was related to a faster reduction in executive functioning in the 7-9 year period prior to the PET scan, indicating a possible functional effect of brain amyloid in otherwise healthy very old individuals [6] . At present, however, the current challenge is still to improve knowledge of the false-positive and -negative rates for diagnosis of AD in patients with early signs of dementia, such as in mild cognitive impairment (MCI) or in subjects with a genetic risk of AD. Commercial image processing and analytics software applications implemented on dedicated workstations and new guidelines for clinician image reads are also being developed. In parallel, studies are ongoing to compare the performance characteristics of the various amyloid imaging probes ( Fig. 1) 
The lack of an effective disease-modifying treatment for AD has continued to limit the utility of imaging diagnostics, but benefits other than treatment-related are claimed, including an improved ability to plan ones life and affairs. The failure of brain amyloid-reducing treatments to improve cognition has cast uncertainty on the amyloid hypothesis of AD, but many believe that detection of early amyloid brain deposition using molecular imaging could lead to early therapy implementation and improved outcome. It is possible that administration of amyloid-reducing drug therapy in early cognitive impairment with a low amyloid burden demonstrated by imaging could result in the reversal of cognitive decline or decreasing the rate of decline. Studies are currently underway to examine this hypothesis.
Currently, the Alzheimer's Association and the Society for Nuclear Medicine and Molecular Imaging have published a set of guidelines for the use of amyloid imaging based on the information available from existing clinical trials. This is the first guidance for any imaging technology applied to AD [7 • ]. The guidance concludes that the greatest benefit will be for (1) patients with persistent or progressive unexplained MCI; (2) patients satisfying core clinical criteria for possible AD because of unclear clinical presentation, either an atypical clinical course or an etiologically mixed presentation; and (3) patients with progressive dementia at an atypically early age of onset (usually defined as 65 years or less in age). Correspondingly, a number of scenarios are summarized where imaging would not be justified, including for determination of the severity of dementia and in asymptomatic individuals.
A necessary condition for widespread use of amyloid imaging in clinical practice is insurance reimbursement, which would be initially on the order of $3,000 for the technical and professional costs. A recent meeting of the Medicare Evidence Development and Coverage Advisory Committee (MEDCAC) panel was convened on 30 January 2013 to offer guidance to the Centers for Medicare and Medicaid Services in consideration of amyloid imaging reimbursement [8] . The confidence level on the part of the committee was low to intermediate that the test had sufficient power to identify AD in the group of patients with early onset cognitive impairment. At issue was the observation that a significant fraction, perhaps up to 30 % of individuals may have elevated amyloid by imaging and never develop AD. Ongoing studies will continue to define the false positive rate for the imaging test, but it is likely that the predictive value of a negative test will be greater than the predictive value of a positive test. Accordingly, subjects with MCI and a negative amyloid imaging study will have a low likelihood of developing AD, but the precise false-negative rate needs to be elucidated through ongoing clinical trials. There may be value to patients and their families to know in advance the likelihood of developing AD even in the absence of a disease-modifying treatment [7 • ]. The MEDCAC, however, pointed out the lack of any study documenting such value. Therefore, it is likely that investigators will begin to examine this question while new therapeutic drugs are developed.
Inflammation Imaging
Inflammation is believed to play a causal role in many disorders, including in neurologic, psychiatric, cardiovascular, metabolic, musculoskeletal, and respiratory diseases. Among these, the importance of brain inflammation in multiple sclerosis, depression, Huntington's disease, Parkinson's disease and ADs has been recognized. Accordingly, the recent progress in developing molecular probes for inflammation imaging has predominantly occurred for the brain.
The target of greatest interest for imaging is the TSPO, which exists on the outer mitochondrial membrane and is responsible for the transport of cholesterol and the eventual synthesis of pregnenolone. It is highly expressed in macrophages, activated microglia and reactive astrocytes [9] . The original TSPO imaging agent was 11 C-PK11195, developed as an imaging agent for the peripheral benzodiazepine receptor, which is identical to the TSPO. In an effort to optimize TSPO agents for brain imaging and reduced white matter binding 11 C-PBR28 and follow-on tracers were developed [10] . Thereafter, a number of 18 F-labeled probes have been developed, including 18 F-PBR111, 18 F-DPA714, 18 F-FEDAA1106. 18 F-GE180 is a commercial TSPO imaging agent currently undergoing first-in-human trials for eventual use in multiple sclerosis and other inflammatory disorders [11] . All of these probes recognize the high-and low-affinity states of TSPO, which vary as a function of individual genetics. At present, therefore, imaging data interpretation must rely on independent knowledge of TSPO gene status of each subject [12] .
Multiple sclerosis is a disease characterized by microglial activation and neural degeneration. It was one of the first disorders to be evaluated using TSPO ligands and continues to be an area of active investigation due to the limitations of current imaging methods to monitor disease activity and treatment response (Fig. 2) . A number of studies have demonstrated significant correlations between TSPO binding and clinical symptoms, including disease severity and duration [13] . Another study contradicts these results, but tracer, patient population, and genetic differences may account for the different results [14] . Studies are also evaluating the overlap of focal TSPO binding and lesion enhancement on MR [15] . An experimental model in baboons has recently demonstrated that E. coli lipopolysaccharide-induced inflammation results in elevated TSPO binding, permitting more detailed experimental analysis of the magnitude and duration of change [16] . An intriguing application of TSPO imaging is in the study of inflammatory mechanisms in depression. The role of low-grade cytokine-mediated inflammation in depression is an emerging area of inquiry [17] . Very recent studies are beginning to demonstrate a relationship between TSPO genotype and pregnenolone production in anxiety and depression [18] . If these results are confirmed, TSPO imaging could identify early inflammatory changes in depression followed by treatment with anti-inflammatory medications. TSPO is being applied to other inflammatory disorders as well, including rheumatoid arthritis [19] .
Inflammation in AD
While brain amyloid continues to represent the main therapeutic target for treatment of AD, pathological and epidemiological studies have also suggested a role for inflammation [20] . These insights led to a series of studies using prednisone and NSAIDs, but there was a failure to reduce cognitive decline in AD. Nonetheless, a focus on inflammatory mechanisms in AD continues, particularly regarding the actions of cytokines and activated microglia [20] . There may be direct activation of brain inflammatory mechanisms and more generalized effects due to immunological dysregulation in aging. Blood cytokines including, IL-1, -6, and TNFa, and C-reactive protein are elevated in some AD patients. It is, however, difficult to separate AD affects from those due to generalized aging and immune effects. Interestingly though, it has recently been demonstrated that a marker for monocyte/macrophage activation, monocyte chemoattractant protein-1 (MCP-1), is significantly elevated in AD patients compared to carefully matched elderly controls [21] . Similarly, the receptor for MCP-1, chemokine receptor 2, was down regulated. Thus, the system may offer yet another entry point studying inflammatory mechanisms of AD. Recently, the role of genes related to inflammatory markers has been evaluated. TREM2 (triggering receptor expressed on myeloid cells 2) is a protein on the surface of myeloid and other cells that interacts with the proteins from the TYROBP gene to transmit chemical signals that mediate phagocytosis during injury or disease. Recently, two studies have demonstrated polymorphisms that are related to late onset AD [22 •• , 23 •• ]. For comparison, the e4 allele of apolipoprotein E is the best-known genetic variation related to late onset AD [24] . The two groups identified the TREM2 variant R47H that was closely coupled to an increased risk for late onset AD. In the TgCRND8 mouse model, TREM2 was found to be localized to microglia around plaques and neurons. Significantly, individuals not having AD who were carriers for the TREM2 variant had an approximately 50 % greater cognitive decline with aging compared to subjects without the variant (Fig. 2) [23 •• ] . The genetic variant may reduce the antiinflammatory effects mediated by TREM2 and thereby impair the containment of brain inflammatory processes.
While the inflammatory mechanisms involved in the TREM2 variant are different than those with TPSO binding, the common thread of inflammation suggests a potential role of TSPO imaging in AD. Whereas an early study using 11 C-PK11195 demonstrated elevated cortical binding consistent with microglial activation and AD [25] , a recent study with a third-generation TSPO tracer, 18 F-FEDAA1106, did not show a significant increase [26] . Possible explanations include differences in the two tracers and the clinical populations, but additional investigation will be required to resolve the role of TSPO mechanisms in AD. A study in a rodent model of related neurodegenerative disorder, Parkinson's disease, suggests a potential role of TSPO imaging, but clinical studies have not yet been conducted [27] .
Conclusion
Amyloid and inflammation imaging are robust areas of investigation that are likely to lead to new advances in the diagnosis and therapy of prevalent and inadequately treatable diseases, including AD, multiple sclerosis, Parkinson's disease and depression. Commercial development of new amyloid and TSPO imaging probes will greatly advance this goal and improve patient care. A key metric to follow will be the extent to which early anti-amyloid treatment in MCI patients with amyloid positive scans forestalls or prevents the development of AD. If this approach is also ineffective, new theories and treatment approaches for AD will be required, possibly based on brain inflammatory mechanisms. Current efforts in multiple sclerosis and other inflammatory brain disorders should provide a solid platform for improved understanding of inflammatory mechanisms in AD. In addition, new molecular imaging probes based on the results of ongoing genetic investigations will also be needed, possibly for TREM2 or related recognition sites. Parallel progress in targeted molecular imaging and new drug development should advance mechanistic understanding and individualized treatment.
